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Several mitotic regulators, including Cyclin B1/
Cdk1, are present at centrosomes prior to mito-
sis onset, but it is unclear whether centrosomes
promote mitotic entry in vivo. Here we devel-
oped a sensitive assay in C. elegans embryos
for the temporal analysis of mitotic entry, in
which the male and female pronuclei undergo
asynchronous entry into mitosis when sepa-
rated from one another. Using this assay, we
found that centrosome integrity is necessary
for timing mitotic entry. Centrosomes do not
function in this instance through their ability to
nucleate microtubules. Instead, centrosomes
serve to focus the Aurora A kinase AIR-1, which
is essential for timely mitotic entry. Further-
more, analysis of embryos in which centro-
somes and pronuclei are detached from one
another demonstrates that centrosomes are
sufficient to promote mitosis onset. Together,
our findings support a model in which centro-
somes serve as integrative centers for mitotic
regulators and thus trigger mitotic entry in
a timely fashion.
INTRODUCTION
Mitosis is a tightly regulated process that allows equal
partition of the genetic material to daughter cells. Several
molecular and cytological features characterize entry into
mitosis, including activation of the Cyclin B1/Cdk1 com-
plex, chromosome condensation, and nuclear envelope
breakdown (NEBD) (reviewed in Pines and Rieder, 2001).
Whereas the biochemistry of mitotic entry has been stud-
ied extensively, how the onset of mitosis is regulated in
time and space in vivo is incompletely understood.
In all eukaryotic cells, entry intomitosis relies critically on
activation of Cyclin B1/Cdk1 (reviewed in Nurse, 1990).
The Cyclin B1/Cdk1 complex is initially kept inactive, ow-
ing to phosphorylation of threonine 14 and tyrosine 15 on
the Cdk1 subunit. Dephosphorylation of these residues
by a phosphatase of theCdc25 family of proteins then trig-
gers the onset of mitosis. As Cyclin B1/Cdk1 is activated,Devechromosomes condense to reach maximal compaction
into rod-shaped structures. Also concomitant with Cyclin
B1/Cdk1 activation, the nuclear envelope breaks down,
with the lamina underlying the nuclear envelope and the
nuclear poresbeing disrupted. In addition,microtubule dy-
namics are altered, leading to assembly of themitotic spin-
dle. As a result, condensed chromosomes are captured by
themitotic apparatus and segregated faithfully to daughter
cells.
Intriguingly, the active form of Cyclin B1/Cdk1 is first de-
tected at centrosomes just prior to mitotic entry in human
tissue culture cells (De Souza et al., 2000; Jackman et al.,
2003). Moreover, several other mitotic regulators are pres-
ent at centrosomes at the onset of mitosis. These include
Cdc25B, one of three Cdc25 phosphatases in human cells
(Cazales et al., 2005; Lindqvist et al., 2005), as well as the
Aurora A kinase (Hirota et al., 2003), which is involved
in promoting the G2/M transition in tissue culture cells
(Hirota et al., 2003; Marumoto et al., 2005). However,
whether Aurora A plays such a function in the intact organ-
ism has been questioned by the fact that mice lacking the
Aurora A activator Ajuba are viable (Pratt et al., 2005).
Overall, the role that centrosomes may play to regulate
the timing of mitotic entry in vivo remains unclear.
The early embryo of Caenorhabditis elegans is ideally
suited to analyze the mechanisms underlying the onset
of mitosis in a developing organism. Mitosis can be moni-
tored in thenematodeembryowith high spatial and tempo-
ral resolutionusing time-lapsemicroscopy,whereasavari-
ety of mutant and RNAi conditions allow one to address
specific molecular hypotheses (reviewed in Oegema and
Hyman, 2005). Here, we have taken advantage of these
features to develop a sensitive in vivo assay for the timing
of mitotic entry. Utilizing this assay, we demonstrate that
centrosomes, aswell as theAuroraAkinaseAIR-1, are crit-
ical for promoting timely entry into mitosis in vivo.
RESULTS
Asynchronous Nuclear Envelope Breakdown
in Separated Male and Female Pronuclei
The onset of mitosis can be monitored with high spatial
and temporal resolution in one-cell stage C. elegans em-
bryos using time-lapse differential interference contrast
(DIC) microscopy and scoring NEBD. In the wild-type
(see Movie S1 in the Supplemental Data available withlopmental Cell 12, 531–541, April 2007 ª2007 Elsevier Inc. 531
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Centrosomes Promote Mitosis OnsetFigure 1. Asynchronous NEBD of Separated Male and Female Pronuclei
(A and B) Images from time-lapse DICmicroscopy of wild-type (A) and tac-1(RNAi) (B) one-cell stageC. elegans embryos (Movies S1 and S2). In every
figure, anterior is to the left and posterior is to the right; F and M designate the female and male pronuclei, respectively; arrowheads with thick lining,
intact pronucleus; arrowheads with dashed lining, pronucleus undergoing NEBD. The scale bars represent 10 mm, unless specified otherwise. For all
recordings, the first occurrence of NEBD was defined as time 0, unless specified otherwise; for illustration purposes, the last time point displayed
usually corresponds to +30 s. NEBD is apparent by loss of the smooth line corresponding to the nuclear envelope (NE) delimiting each pronucleus.
(D and E) Spinning disk time-lapse fluorescence microscopy of wild-type (D) and tac-1(RNAi) (E) one-cell stage embryos expressing YFP-lamin
(Movies S3 and S4). Disassembly is apparent by loss of the smooth appearance characteristic of earlier stages.
(G and H) Spinning disk time-lapse fluorescence microscopy of wild-type (G) and tac-1(RNAi) (H) one-cell stage embryos expressing GFP-b-tubulin
(Movies S5 and S6). Note that one centrosome is out of focus in (G) (left) and (H) (left and middle).
(C, F, and I) Average time difference between NEBD in the male and female pronuclei (Dt [NEBD]) in seconds ± SEM in wild-type and tac-1(RNAi)
embryos measured by DIC, YFP-lamin, and GFP-b-tubulin. See also Table S1.this article online), the female pronucleus is located initially
in the anterior, while themale pronucleus is in the posterior
(Figure 1A, left). The female pronucleus then migrates
toward the male pronucleus, while the male pronucleus
moves away from the posterior cortex, resulting in pro-
nuclear meeting (Figure 1A, middle). The two joined pro-
nuclei then move to the cell center, where they undergo
synchronous NEBD (Figure 1A, right; see Table S1, which
reports values and statistical analysis for all genotypes
analyzed).
We developed an assay that provides precise temporal
analysis of mitotic entry by using embryos with impaired
microtubule function in which the male and female pronu-532 Developmental Cell 12, 531–541, April 2007 ª2007 Elsevieclei remain separated from each other due to defective
pronuclear migration (Go¨nczy et al., 1999b). For instance,
following RNAi-mediated depletion of TAC-1, a protein
that promotesmicrotubule growth (Bellanger andGo¨nczy,
2003; Le Bot et al., 2003; Srayko et al., 2005) (Movie S2),
the female pronucleus remains in the anterior and the
male pronucleus in the posterior (Figure 1B, middle). Strik-
ingly, NEBD of themale pronucleus occurred85 s before
that of the female pronucleus in tac-1(RNAi) embryos
(Figure 1B, right; Figure 1C). This time difference corre-
sponds to 50% of the duration of mitosis, which lasts
3 min in these embryonic blastomeres (Experimental
Procedures).r Inc.
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assayed NEBD in live embryos by two other means. First,
we visualized the lamina underlying the nuclear envelope
using YFP-lamin (Galy et al., 2003). In the wild-type (Movie
S3), both male and female pronuclei are initially delineated
by a smooth lamina (Figure 1D, left andmiddle). At the time
of NEBD, the lamina is disassembled synchronously in the
two pronuclei (Figure 1D, right). By contrast, in tac-1(RNAi)
embryos (Movie S4), disassembly of the lamina in themale
pronucleus occurred105 s before that in the female pro-
nucleus (Figure 1E, right; Figure 1F). Second, we moni-
tored entry of GFP-b-tubulin into the nucleus. In the
wild-type (Movie S5), GFP-b-tubulin was present through-
out the cytoplasm, but was excluded from the nucleus as
long as the nuclear envelope was intact (Askjaer et al.,
2002) (Figure 1G, left and middle). Upon NEBD, GFP-
b-tubulin synchronously entered the nuclear volume of the
male and female pronuclei (Figure 1G, right). By contrast,
in tac-1(RNAi) embryos (Movie S6), GFP-b-tubulin entered
the volume of themale pronucleus85 s before that of the
female pronucleus (Figure 1H, right; Figure 1I). To assess
whether asynchrony in NEBD is restricted to tac-1(RNAi)
embryos, we conducted time-lapse DIC microscopy of
embryos depleted of other proteins that result in the
male and the female pronuclei being separated. As re-
ported in Figure S1A, we observed asynchronous NEBD
after RNAi-mediated depletion of the XMAP215 homolog
ZYG-9, which promotes microtubule growth (Matthews
et al., 1998), as well as of the minus end-directed microtu-
bule motor dynein heavy chain DHC-1 (Go¨nczy et al.,
1999a) or of its cofactor LIS-1 (Cockell et al., 2004). These
results indicate that asynchronous NEBD occurs generally
when the male and female pronuclei remain separated.
Moreover, they indicate that asynchronous NEBD in
C. elegans one-cell stage embryos does not require dy-
nein function.
We investigated whether asynchronous NEBD reflects
premature NEBD of the male pronucleus or delayed
NEBD of the female pronucleus. To this end, we deter-
mined the duration of the first cell cycle following exit
from meiosis II by monitoring wild-type and tac-1(RNAi)
embryos expressing GFP-histone H2B. Importantly, we
found that NEBD of the male pronucleus in tac-1(RNAi)
embryos occurred at the same time as that of the joined
pronuclei in the wild-type (Figures 2A, 2B, and 2F; Movies
S7 and S8). We conclude that asynchrony following sepa-
ration of the male and female pronuclei is due to a delay in
NEBD of the female pronucleus.
Asynchronous Chromosome Condensation
in Separated Male and Female Pronuclei
We next addressed whether asynchronous NEBD reflects
a general difference in the timing of mitotic entry between
the two pronuclei by analyzing chromosome condensa-
tion. We performed three-dimensional reconstructions of
the male and female pronuclei just before NEBD in fixed
wild-type and tac-1(RNAi) embryos stained with a DNA
dye to assess the volume occupied by the chromosomes.
In wild-type embryos, the volume occupied by the chro-Develomosomes differed by only 4% on average between the
two pronuclei (n = 6; SEM = 2.5) (Movie S12; Figure 3A).
By contrast, in tac-1(RNAi) embryos, chromosomes in
themale pronucleus occupied on average an 18% smaller
volume than those in the female pronucleus (n = 6;
SEM = 11; Student’s t test, p value = 0.045) (Movie S13;
Figure 3B).
We also analyzed chromosome condensation using
a live quantitative assay that entails monitoring transgenic
embryos expressing GFP-histone H2B (Maddox et al.,
2006). This assay showed that in the wild-type, chromo-
some condensation in the male and female pronuclei oc-
curred in a synchronous manner (Figure 3C; Figure S2C).
By contrast, in tac-1(RNAi) embryos, chromosomes in
the male pronucleus condensed sooner than those in
the female pronucleus (Figure 3D; Figure S2D). In addition,
we noted that chromosomes in the male pronucleus of
tac-1(RNAi) embryos condensed at the same rate as those
in both pronuclei of wild-type embryos, further establish-
ing that asynchrony in tac-1(RNAi) embryos reflects a de-
lay in the female pronucleus. Overall, we conclude that
condensation of chromosomes is asynchronous when
the male and female pronuclei are separated from one
another, indicative of a general difference in cell-cycle
progression between the two pronuclei.
Asynchronous Cdk1 Activation in Separated
Male and Female Pronuclei
To investigate this further, we addressed whether NCC-1,
the Cdk1 homolog that mediates entry into mitosis in
C. elegans embryos (Boxem et al., 1999), is differentially
activated in the male and female pronuclei of tac-
1(RNAi) embryos. As there are no available reagents that
would allow monitoring active NCC-1, we investigated
the possibility of monitoring inactive NCC-1 instead, rea-
soning that disappearance of inactive NCC-1 should mir-
ror NCC-1 activation. We utilized a phospho-specific anti-
body that recognizes the inactive form of human Cdk1,
Cdk1P-Tyr15. This tyrosine residue and the surrounding
amino acids are evolutionarily conserved, including in
NCC-1 (Figure S3A). Accordingly, we found that this anti-
body detects a single band of the expected size in
wild-type C. elegans embryonic extracts (Figure S3B). In
human cells, Cdk1P-Tyr15 is present in the nucleus in pro-
phase, before disappearing as cells undergo NEBD (De
Souza et al., 2000). We found that this antibody detects
a signal in the pronuclei of wild-type C. elegans embryos
(Figure 4A) that is absent in ncc-1(RNAi) embryos (Figures
S3C and S3D), further underscoring that it recognizes
NCC-1P-Tyr15. As anticipated, the signal was strong in
early prophase (Figure 4A) and diminished gradually as
cells progressed toward NEBD, after which the signal
was no longer detected (Figure 4B). Importantly, the signal
usually diminished in a synchronous manner in the male
and female pronuclei in the wild-type (Figure 4A; 14/16),
suggesting that NCC-1 becomes active in a synchronous
manner in the two juxtaposed pronuclei. By contrast, we
found that NCC-1P-Tyr15 diminished earlier in themale pro-
nucleus than in the female pronucleus in most tac-1(RNAi)pmental Cell 12, 531–541, April 2007 ª2007 Elsevier Inc. 533
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Centrosomes Promote Mitosis OnsetFigure 2. Timing the Interval from Meiotic Exit to NEBD of Male and Female Pronuclei
(A–E) Wide-field time-lapse fluorescent microscopy of wild-type (A), tac-1(RNAi) (B), spd-5(or213) (C), air-1(RNAi) (D), and air-1(RNAi) zyg-12(ct350) (E)
embryos expressing GFP-histone H2B. Recordings were started during anaphase of meiosis II and pursued until NEBD in the one-cell stage. Chro-
mosome decondensation in the female pronucleus was used as a reference for the exit from meiosis (time 0 s). A dashed circle indicates that the
pronucleus is in a different focal plane at that location. See also Movies S7–S11. Note that air-1(RNAi) zyg-12(ct350) embryos expressed GFP-histone
H2B and GFP-b-tubulin, allowing us to follow centrosomes.
(F) Time separating the exit of meiosis II from NEBD of the male and female pronuclei in seconds ± SEM, determined from dual fluorescent and DIC
time-lapse recordings of embryos expressingGFP-histone H2B. The number of embryos analyzed (n) and p values (Student’s t test, time frommeiotic
exit until male NEBD, compared to the wild-type) are indicated. Note that we excluded from this analysis seven spd-5(or213) embryos that were im-
aged starting in meiosis I, because they seemed compromised due to the fragility of embryos at that stage. Inclusion of these seven embryos would
have resulted in a total average timing of 785 ± 47 s, which is also not statistically different from the wild-type (p = 0.096). Note also that we found the
time separating the exit of meiosis II fromNEBD of the male and female pronuclei to be 800 ± 69 s in spd-2(RNAi) embryos (n = 10; p = 0.14, compared
to the wild-type).embryos (Figures 4C and 4D; 22/26), suggesting that
NCC-1 becomes active earlier in the male pronucleus
when the two pronuclei are separated from one another.
Overall, our observations of NEBD, chromosome con-
densation, and inactive NCC-1 disappearance indicate
that there is a general asynchrony in the onset of mitosis
between the male and female pronuclei when they are
separated from one another.534 Developmental Cell 12, 531–541, April 2007 ª2007 ElsevieIntrinsic Features of Separated Male and Female
Pronuclei and Polarity Cues Do Not Regulate
Mitosis Onset
We set out to uncover what causes asynchronous mitotic
onset in embryos defective in pronuclear migration. We
first tested whether this is due to intrinsic features of
the pronuclei, as in sea urchin zygotes (Sluder et al.,
1995). To this end, we analyzed the timing of NEBD inr Inc.
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Centrosomes Promote Mitosis OnsetFigure 3. Asynchrony of Chromosome Condensation of Separated Male and Female Pronuclei
(A and B) Three-dimensional reconstruction of chromosomes from the male and female pronuclei of wild-type (A) and tac-1(RNAi) (B) embryos. The
scale bar represents 2.5 mm. In addition to the full projection in the z axis, the chromosomes are shown after a 90 rotation along the x and y axes.
Chromosomes in one pronucleus (PN1) occupy a 7% smaller volume than in the other one (PN2) in this wild-type embryo (A). By contrast, in this
tac-1(RNAi) embryo, chromosomes in the male pronucleus occupy a 43% smaller volume than those in the female pronucleus (B). Note that the polar
bodies are visible on the top left in the Z projection of the tac-1(RNAi) embryo. The corresponding embryos are shown in their entirety in Figures S2A
and S2B. See also Movies S12 and S13.
(C and D) Chromosome condensation determined by a live quantitative assay in wild-type (C) and tac-1(RNAi) (D) embryos. The percentage of chro-
mosome condensation, applying a 35% threshold, in the male (M) and female (F) pronuclei ± SEM is depicted in dark and light blue, respectively. The
percentage of condensation reflects the fraction of pixels below this threshold. See also Figures S2C and S2D.rare tac-1(RNAi) embryos in which the male and female
pronuclei were next to one another as a result of sperm en-
try occurring opposite the normal side or of the female
meiotic spindle being abnormally positioned (Goldstein
and Hird, 1996). We found that the two pronuclei under-
went NEBD in synchrony in such embryos (Movie S14;
Figure 5A, right; Figure S1C). Therefore, asynchrony is
not due to intrinsic differences between the pronuclei in
embryos defective in pronuclear migration.
One difference from the wild-type in the absence of pro-
nuclear migration is that the male pronucleus remains in
the posterior and the female pronucleus in the anterior.
Therefore, we considered whether anterior-posterior
(A-P) polarity controls timing of mitotic entry. To this
end, we performed zyg-9(RNAi) in par-3mutant embryos,
in which A-P polarity is abolished (Kemphues et al., 1988).
We found that the male pronucleus underwent NEBD be-
fore the female pronucleus in such embryos (Movie S16;DeveloFigure 5C, right; Figure 5G) as in zyg-9(RNAi) embryos
(Movie S15; Figures 5B and 5G). Analogous results were
obtained by performing zyg-9(RNAi) in par-2 mutant em-
bryos (data not shown). We conclude that A-P polarity
does not control asynchronous mitotic entry.
Centrosomes Promote Timely Entry into Mitosis
Another difference between the two pronuclei in the
absence of pronuclear migration is that the two centro-
somes, which derive from the sperm, remain associated
solely with the male pronucleus (see Figure 1G). There-
fore, we addressedwhether centrosomes promotemitotic
entry. To this end, we disrupted centrosome integrity us-
ing a mutant in spd-5, which encodes a coiled-coil protein
essential for centrosome assembly (Hamill et al., 2002)
(Figures S4B and S4E). Strikingly, we observed that the
male and female pronuclei, although separated, under-
went NEBD in a synchronous manner in spd-5(or213)pmental Cell 12, 531–541, April 2007 ª2007 Elsevier Inc. 535
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Centrosomes Promote Mitosis Onsetzyg-9(RNAi) embryos (Movie S17; Figure 5D, right; Fig-
ure 5G). As anticipated, this was also the case in spd-
5(or213) mutant embryos, which, on their own, are defec-
tive in pronuclear migration (Figure S1B). We conclude
that centrosomes promote timely onset of mitosis.
We investigated further the mechanism by which cen-
trosomes exert this function. In one scenario, centro-
somes could be indispensable, for instance by contribut-
ing an inducer of mitosis that would be lacking entirely in
their absence. In this case, mitosis should not occur or
Figure 4. Asynchrony of Cdk1 Activation of Separated Male
and Female Pronuclei
Monitoring Cdk1 activation in the male and female pronuclei of wild-
type (A and B) and tac-1(RNAi) (C and D) embryos. Embryos were
stained for NCC-1P-Tyr15 (shown alone in the top panels and in red in
the merged images), a-tubulin (green), and DNA (blue). Left column,
prophase; right column, metaphase. In wild-type, NCC-1P-Tyr15 dimin-
ished synchronously from the two pronuclei in 88% of embryos in late
prophase (centration/rotation stage; n = 16). At the stage of pronuclear
meeting (n = 25), 60% of embryos displayed similar NCC-1P-Tyr15 sig-
nals in both pronuclei, whereas in the remaining 40%, the signal was
weaker in the male pronucleus (data not shown). This most likely re-
flects the fact that the male pronucleus is slightly advanced in the
cell cycle compared to the female pronucleus before their meeting,
as centrosomes have not yet reached the female pronucleus. In 85%
of prophase tac-1(RNAi) embryos, the NCC-1P-Tyr15 signal diminished
first in the male pronucleus (n = 26).536 Developmental Cell 12, 531–541, April 2007 ª2007 Elsevieelse be severely delayed without centrosomes. Alterna-
tively, centrosomes could serve to localize an inducer of
mitosis that would be distributed throughout the cell in
their absence. In this case, mitosis should occur on
schedule or be only slightly delayed in the absence of cen-
trosomes. To distinguish between these possibilities, we
determined the time separating the exit from meiosis II
from synchronous NEBD in spd-5(or213) embryos and
found it to be similar to that observed in the wild-type (Fig-
ures 2C and 2F; Movie S9), as suggested by earlier work
(Hamill et al., 2002). Analogous results were obtained
with embryos depleted of SPD-2, another coiled-coil pro-
tein essential for centrosome assembly (Kemp et al., 2004;
Pelletier et al., 2004) (see legend of Figure 2F). Taken
together, our findings indicate that centrosomes are
dispensable for mitotic entry, but that, when present,
they trigger the onset of mitosis, perhaps by localizing
an inducer of mitosis.
The Aurora A Homolog AIR-1 Is Necessary for Timely
Entry into Mitosis
We next addressed the nature of such a potential inducing
activity associated with centrosomes. We tested whether
microtubule nucleation was required by depleting the
g-tubulin homolog TBG-1 (Hannak et al., 2002; Strome
et al., 2001) in a zyg-9 mutant background. The male
and female pronuclei underwent asynchronous NEBD in
such embryos, indicating that g-tubulin-mediated micro-
tubule nucleation is dispensable for timely NEBD (Movie
S18; Figure 5E, right; Figure 5G). Moreover, we observed
asynchronous NEBD of the separated male and female
pronuclei in one-cell stage embryos with compromised
microtubules following nocodazole treatment (data not
shown) or RNAi-mediated inactivation of the a-tubulin
tba-2 (Figure S1D). We conclude that centrosomes do
not promote mitotic entry by virtue of their capacity to nu-
cleate microtubules.
We then tested whether the Aurora A kinase AIR-1 may
be important. AIR-1 localizes primarily to centrosomes
(Hannak et al., 2001; Schumacher et al., 1998) (Figures
S4DandS4F) and has beenpostulated to play a role in reg-
ulating NEBD (Hannak et al., 2001). Importantly, we found
that the male and female pronuclei, although separated,
underwent synchronous NEBD following simultaneous
depletion of air-1 and tac-1 (Movie S19; Figure 5F, right;
Figure 5G). These results indicate that AIR-1 is needed
for centrosome-mediated promotion ofmitosis onset. Fur-
thermore, experiments conducted since the exit frommei-
osis II established that synchronous NEBD in air-1(RNAi)
embryos was significantly delayed compared to that of
the joined pronuclei in the wild-type (Figures 2D and 2F;
Movie S10). These findings demonstrate that a member
of the Aurora A kinase family promotes timely entry into
mitosis in vivo.
Centrosomes Are Sufficient for Timely Entry
into Mitosis
We next addressed whether centrosomes are sufficient to
promote entry into mitosis. We reasoned that embryosr Inc.
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Centrosomes Promote Mitosis OnsetFigure 5. Asynchrony Requires Centro-
somes and AIR-1
(A–F) Images from time-lapse DIC microscopy
of tac-1(RNAi) with juxtaposed pronuclei (A),
zyg-9(RNAi) (B), zyg-9(RNAi) par-3(it71) (C),
zyg-9(RNAi) spd-5(or213) (D), tbg-1(RNAi)
zyg-9(b244) (E), and air-1(RNAi) tac-1(RNAi)
(F) one-cell stage C. elegans embryos. See
also Movies S14–S19. Note that pronuclei
undergo synchronous NEBD despite being
separated from one another in zyg-9(RNAi)
spd-5(or213) and air-1(RNAi) tac-1(RNAi). See
also Table S1.
(G) Average time difference between NEBD in
the male and female pronuclei (Dt [NEBD]) in
seconds ± SEM in the indicated genotypes,
as measured by DIC. See also Table S1.depleted of ZYG-12, a Hook-like protein required to an-
chor centrosomes to pronuclei (Malone et al., 2003), could
provide a means to address this question. In such em-
bryos, centrosomes detach from the male pronucleus
early in the cell cycle and move freely in the cytoplasm.
However, the male and female pronuclei do not depart
from their initial positions and thus remain separated as
in embryos with a compromised microtubule network. In
a subset of embryos lacking ZYG-12 function (6/17; Movie
S20), one centrosome eventually contacted the male
pronucleus and at the same time the other centrosome
contacted the female pronucleus (Figure 6A, middle).DeveloRemarkably, the two pronuclei underwent synchronous
NEBD under these conditions (Figure 6A, right; Figures
6C and 6D, green). In another subset of embryos lacking
ZYG-12 function (11/17; Movie S21), one centrosome
contacted the female pronucleus slightly earlier than the
other centrosome came to lie next to the male pronucleus
(Figure 6B, middle). In these cases, the female pronucleus
underwent NEBD slightly earlier than the male pronu-
cleus (Figure 6B, right; Figures 6C and 6D, purple). As
anticipated, analysis of air-1(RNAi) zyg-12(RNAi) embryos
since the exit frommeiosis II established that synchronous
NEBD in such embryos was significantly delayedpmental Cell 12, 531–541, April 2007 ª2007 Elsevier Inc. 537
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Centrosomes Promote Mitosis OnsetFigure 6. Centrosomes Dictate the Timing of Mitotic Entry
(A and B) Spinning disk time-lapse fluorescence microscopy of zyg-12(RNAi) one-cell stage embryos expressing GFP-b-tubulin (Movies S20 and
S21).
(C) Average time difference between NEBD in the male and female pronuclei (Dt [NEBD]) in seconds ± SEM in the indicated genotypes, as measured
by entry of GFP-b-tubulin in the volume of the pronuclei. zyg-12(RNAi) and zyg-12(ct350) embryos were grouped because they exhibited indistin-
guishable behavior. Green indicates embryos in which one centrosome contacts the female pronucleus and at the same time the other centrosome
contacts the male pronucleus (as in [A]). Purple indicates embryos in which one centrosome contacts the female pronucleus slightly earlier than the
other centrosome comes to lie in the vicinity of the male pronucleus (as in [B]). Gray indicates tac-1(RNAi) embryos in which the two centrosomes are
associated with the male pronucleus. See also Table S1.
(D) Time difference between NEBD of the male pronucleus and female pronucleus (Dt [NEBD] in seconds) as a function of the distance between the
center of the female pronucleus and the closest centrosome at the time of NEBD (d[C–F], in mm). Color code is as in (C). Note that two purple lozenges
are on top of one another.compared to the wild-type (Movie S11; Figures 2E and
2F), indicating that AIR-1 is required for timelymitotic entry
even when one centrosome contacts each separated
pronucleus. Overall, we conclude that centrosomes are
sufficient for promoting timely mitotic entry in C. elegans
embryos.
DISCUSSION
Our findings demonstrate that centrosomes trigger the
onset of mitosis in C. elegans embryos. This is in line
with observations in human cells whereby phosphorylated
Cdc25B and active Cyclin B1/Cdk1 are first detected at
centrosomes (Cazales et al., 2005; De Souza et al.,
2000; Jackman et al., 2003), and whereby centrosome-
associated Chk1 can prevent Cyclin B1/Cdk1 activation
(Kramer et al., 2004). Our data are also compatible with re-
sults from a heterologous assay in which microinjection of538 Developmental Cell 12, 531–541, April 2007 ª2007 Elseviehuman centrosomes into enucleated Xenopus eggs can
advance maturation/M phase promoting factor (MPF) ac-
tivation (Perez-Mongiovi et al., 2000). Whereas these ear-
lier observations led to the postulate that centrosomes are
important for mitosis onset, whether this is the case in an
intact organism has not been addressed prior to this work.
Furthermore, we demonstrate here that centrosomes
per se promote mitotic onset. Overall, our findings un-
equivocally establish that centrosomes promote timely
entry into mitosis in vivo.
Centrosomes, AIR-1, and the Onset of Mitosis
Our results support amodel in which the trigger for mitosis
initiates at centrosomes before spreading to the remain-
der of the cell (Figure 7). The Aurora A kinase is a crucial
component of this trigger: AIR-1 is essential for timely mi-
totic onset in C. elegans (this study) and active Aurora A is
concentrated at centrosomes prior to mitosis in humanr Inc.
Developmental Cell
Centrosomes Promote Mitosis OnsetFigure 7. Centrosomes and AIR-1 Control the Onset of Mitosis
Model representing the role of centrosomes in promoting timely mitotic entry in C. elegans embryos. Green circle, AIR-1; red, Cyclin B1/NCC-1 ac-
tivity; blue, pronuclei; red disks, centrosomes; gray lines, microtubules; filled line, intact nuclear envelope; dashed line, pronucleus undergoing NEBD.
In the wild-type, the two pronuclei are joined, with the two centrosomes next to both of them; as a result, the two pronuclei undergo synchronous entry
into mitosis. In tac-1(RNAi) embryos, the two pronuclei are separated and the two centrosomes are next to the male pronucleus; as a result, the male
pronucleus entersmitosis first. In zyg-12(RNAi) embryos, the two pronuclei are separated, but one centrosome contacts each pronucleus; as a result,
the two pronuclei undergo synchronous entry into mitosis. Note that the subset of embryos depleted of ZYG-12 in which the female pronucleus un-
dergoes NEBD slightly before the male pronucleus is not represented.cells (Hirota et al., 2003). Aurora A can phosphorylate and
activate centrosomal Cdc25B (Cazales et al., 2005), thus
providing a plausible mechanism by which centrosomal
Cyclin B1/Cdk1 is activated before spreading to the re-
mainder of the cell. Because entry into mitosis eventually
occurs in air-1(RNAi) embryos, a less efficient pathway
may help trigger mitosis in the absence of AIR-1, although
we cannot exclude that this is due to residual AIR-1 re-
maining following RNAi-mediated depletion. Perhaps the
fact that inactivation of the Aurora A activator Ajuba in
mice is not detrimental to life may also reflect the exis-
tence of a partially redundant pathway that triggers mito-
sis onset in mammals (Pratt et al., 2005).
It has long been established that Cyclin B1/Cdk1 activa-
tion can occur in a cytoplasm devoid of centrosomes or
nuclei (Masui, 2001), a notion compatible with themore re-
cent finding that flies devoid of centrosomes can develop
into adults with near normal timing (Basto et al., 2006). In
C. elegans embryos, entry into mitosis can also occur in
the absence of functional centrosomes, as observed fol-
lowing depletion of SPD-5 or SPD-2 (Hamill et al., 2002;
Kemp et al., 2004; Pelletier et al., 2004). Our findings
suggest that this is the case because in the absence of
centrosomes, active Aurora A is present uniformly in the
cell, such that Cyclin B1/Cdk1 activation andmitotic onset
occur in a synchronous manner throughout the cell.
In summary, centrosomes are dispensable for entry into
mitosis. However, when present, centrosomes trigger the
onset of this phase of the cell cycle. This design principle
is reminiscent of the situation during spindle assembly
(reviewed in Wadsworth and Khodjakov, 2004): although
centrosomes are dispensable for this process as well,
when present, they play a leading role in directing assem-
bly of the mitotic apparatus.
Centrosomes as Integrative Centers
for Mitotic Regulators
Centrosomes are important for several aspects of mitosis.
Besides directing assembly of the mitotic spindle in mostDevelanimal cells, centrosomes help tear the nuclear mem-
brane in vertebrate cells (Beaudouin et al., 2002; Salina
et al., 2002) and mediate checkpoint signaling in response
to genotoxic stress in Drosophila embryos (Takada et al.,
2003). Importantly, our work demonstrates that centro-
somes have yet another function at this stage of the cell
cycle: triggering mitotic onset. Therefore, centrosomes
can be considered as potent integrative centers that coor-
dinate distinct aspects of mitosis, thus ensuring faithful
distribution of the genetic material to daughter cells.
EXPERIMENTAL PROCEDURES
Nematode Strains and RNAi
Transgenic worms expressing GFP-b-tubulin (Strome et al., 2001),
YFP-lamin (Galy et al., 2003), GFP-histone H2B (Strome et al., 2001),
and GFP-TAC-1 (Bellanger and Go¨nczy, 2003) were grown at 24C.
Homozygous recessive mutant animals of genotypes zyg-9(b244)
(Wood et al., 1980), lis-1(t1550) (Cockell et al., 2004), par-3(it71)
(Kemphues et al., 1988), spd-5(or213) (Hamill et al., 2002), and
zyg-12(ct350) (Malone et al., 2003) were grown at 15C and shifted
to the restrictive temperature for the duration indicated below before
analysis.
Bacterial RNAi feeding strains for tac-1, zyg-9, air-1, and tbg-1 were
described (Bellanger and Go¨nczy, 2003). RNAi was performed by
feeding L4 animals as follows: tbg-1(RNAi) zyg-9(b244) (36 hr at
20C then 12 hr at 24C); air-1(RNAi) tac-1(RNAi) in GFP-b-tubulin
(48 hr at 20C then 12 hr at 24C); zyg-9(RNAi) par-3(it71) (16–24 hr
at 25C); dhc-1(RNAi) (>12 hr at 25C); zyg-9(RNAi) spd-5(or213)
(24 hr at 25C); air-1(RNAi) in zyg-12(ct350) embryos expressing GFP-
histone H2B (48 hr at 20C then 1 hr at 24C); ncc-1(RNAi) (24 hr at
20C). In all other cases, RNAi was performed for 24 hr at 25C.
Microscopy
Embryos were analyzed at 23C by time-lapse DIC microscopy
(Go¨nczy et al., 1999b), dual time-lapse fluorescence and DIC micros-
copy (Sonneville and Go¨nczy, 2004), or spinning disk confocal micros-
copy (Bellanger andGo¨nczy, 2003). The distance from the centrosome
to the center of the female pronucleus in tac-1(RNAi) or zyg-12(RNAi)
embryos was measured using Scion Image (Frederick, MD).
The duration of mitosis was determined to be3 min by timing wild-
type embryos from NEBD to the onset of cytokinesis using time-lapse
DIC microscopy.opmental Cell 12, 531–541, April 2007 ª2007 Elsevier Inc. 539
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Fixation and indirect immunofluorescence were performed essentially
as described (Go¨nczy et al., 1999b). The primary mouse anti-a-tubulin
antibody DM1A (Sigma, St. Louis, MO) was used at 1/200; primary
rabbit antibodies were used as follows: anti-ZYG-9 (1/1000) (Go¨nczy
et al., 2001), anti-AIR-1 (1/1000) (Hannak et al., 2001), and phospho-
Detect anti-Cdk1 (pTyr15; Calbiochem, San Diego, CA) (1/100). The
secondary goat anti-mouse antibody coupled to Alexa488 (Molecular
Probes, Eugene, OR) was used at 1/1000. Slides were counterstained
with1 mg/ml Hoechst 33258 (Sigma). Confocal microscopy was per-
formed with a Leica TCS-SP2 (Go¨ttingen, Germany).
Three-Dimensional Imaging
For 3D imaging of chromosomes, confocal sections encompassing the
centrosomal and DNA signals were acquired every 0.16 mmwith a 633
objective. Three-dimensional reconstruction of male and female chro-
mosomeswas done using Imaris (Zu¨rich, Switzerland), analyzing those
embryos in which the two centrosomes had separated to opposite
sides of the male pronucleus, allowing exclusion of embryos before
early prophase. A maximal intensity projection of the images acquired
at the confocal was constructed. The volume occupied by the chromo-
somes in the male and female pronuclei was determined in Image J
(http://rsb.info.nih.gov/ij/) as follows. A threshold corresponding to
3-fold the mean background value was applied to a region of interest
of identical size containing the chromosomes of both pronuclei. The re-
sulting voxel values were then determined for the sum of all slices in
each pronucleus. The data were expressed as the percentage of differ-
ence between the female and the male values divided by the female
values.
Live Quantitative Chromosome Condensation Assay
Embryos expressing GFP-histone H2B were imaged by wide-field
time-lapse fluorescent microscopy. A Z series of six images 3 mmapart
and containing the nucleus was collected every 20 s. A maximum in-
tensity projection was constructed for each time point. For analysis,
we utilized the method described by Maddox et al. (2006). Briefly,
thresholds of 20%, 35%, and 50% were applied for each nucleus at
every time point. Kinetic profiles were obtained by plotting the percent-
age of pixels below each threshold as a function of time. Times were
calculated relative to male NEBD, defined as the point when free
GFP-histone H2B disappeared from the nucleoplasm.
Supplemental Data
Supplemental Data include 21 movies, 4 figures, and 1 table and are
available at http://www.developmentalcell.com/cgi/content/full/12/4/
531/DC1/.
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